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Abstract This account describes the development of organosulfony-
loxy-substituted iodine(III) and iodine(V) benziodoxole derived re-
agents, which are thermally stable compounds with useful reactivity
patterns. Iodine(III) benziodoxoles and pseudobenziodoxoles are pow-
erful electrophiles and mild oxidants toward various unsaturated com-
pounds. In particular, pseudocyclic benziodoxole-derived triflate (IBA-
OTf) is an efficient reagent for oxidative heteroannulation reactions. Al-
doximes react with nitriles in the presence of IBA-OTf at room tempera-
ture to give 1,2,4-oxadiazoles in high yields. Moreover, IBA-triflate is
used as a catalyst in oxidative heteroannulations with m-chloroperoxy-
benzoic acid as the terminal oxidant. The iodine(V) benziodoxole de-
rived tosylates, DMP-tosylate and IBX-tosylate, are superior oxidants for
the oxidation of structurally diverse, synthetically useful alcohols, uti-
lized as key precursors in the total syntheses of polyketide antibiotics
and terpenes. And finally, the most powerful hypervalent iodine(V) oxi-
dant, 2-iodoxybenzoic acid ditriflate (IBX·2HOTf), is prepared by treat-
ment of IBX with trifluoromethanesulfonic acid. According to the X-ray
data, the I–OTf bonds in IBX-ditriflate have ionic character, leading to
the high reactivity of this reagent in various oxidations. In particular,
IBX-ditriflate can oxidize polyfluorinated primary alcohols, which are
generally extremely resistant to oxidation.
1 Introduction
2 Iodine(III) Benziodoxole Based Organosulfonates
3 Pseudocyclic Iodine(III) Benziodoxole Triflate (IBA-triflate)
4 Pseudocyclic Iodine(III) Benziodoxole Tosylates
5 Iodine(V) Benziodoxole Derived Tosylates
6 Iodine(V) Benziodoxole Derived Triflate (IBX-ditriflate)
7 Conclusions

Key words hypervalent iodine, iodine, iodonium, 2-iodosylbenzoic
acid (IBA), 2-iodoxybenzoic acid (IBX), oxidation

1 Introduction

Organohypervalent iodine compounds have found ap-
plications as environmentally sustainable and versatile re-
agents and catalysts for organic synthesis.2 Aryliodine(III)
dicarboxylates, in particular (diacetoxy)iodobenzene, are
the most common hypervalent iodine(III) reagents and are
widely used as oxidants. However, aryliodine(III) dicarbox-
ylates typically have a relatively low electrophilic reactivity
and tend to react according to radical pathways. In a series
of groundbreaking research published in the 1980s,3a–e Ger-
ald Koser demonstrated that the tosylate derivative of hy-
pervalent iodine, PhI(OH)OTs (originally reported by Nei-
lands3f), is a much stronger electrophile towards various
unsaturated organic substrates. Since then, aryliodine(III)
tosylates, ArI(OH)OTs (Koser’s reagents), have received wide
synthetic application as common hypervalent iodine elec-
trophiles and oxidants.4 At about the same time, research-
ers in Zefirov’s lab at Moscow State University proposed
that the electrophilic reactivity of hypervalent iodine re-
agents can be significantly increased by combining these
reagents with strong acids, such as perchloric, tetrafluorob-
oric, or trifluoromethanesulfonic acids.5 -Oxo-bis[(trifluo-
romethanesulfonato)(phenyl)iodine], PhI(OTf)O(OTf)IPh
(Zefirov’s reagent),6 has the highest reactivity among such
acid-activated hypervalent iodine reagents, as recently con-
firmed by computational studies.6b However, practical ap-
plication of Zefirov’s reagent is restricted by its low stability
at room temperature and sensitivity to hydrolysis. In par-
ticular, it was reported that Zefirov’s reagent readily self-
condensed at room temperature forming para-phenylene-
type oligomeric iodonium salts.7 Kitamura has also report-
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ed the generation of another triflate, PhI(OH)OTf, from io-
dosobenzene and trifluoromethanesulfonic acid.
PhI(OH)OTf is a thermally unstable and hydroscopic com-
pound, which readily decomposes at room temperature

producing an oligomeric iodonium salt as the final prod-
uct.8

In this account, we overview our search for stable ben-
ziodoxole-derived tosylates and triflates with cyclic or
pseudocyclic structures. Five-membered iodine–oxygen
Biographical Sketches
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heterocycles, known under the common name ‘benziodox-
oles’, are characterized by a generally improved stability
compared to non-cyclic hypervalent iodine compounds.
The improved thermal stability is usually explained by the
lower reactivity of the hypervalent iodine center toward re-
ductive elimination due to the bridging of the equatorial
and the apical positions by a five-membered ring.9 Stabili-
zation of the hypervalent iodine center in the benziodoxole
system made possible the synthesis of various stable deriv-
atives of benziodoxoles, including azides,10 cyanides,11 and
amides.12 These stable substituted benziodoxoles have at-
tracted significant recent interest as ‘atom-transfer’ re-
agents.13 Similar to benziodoxoles, the pseudocyclic hyper-
valent aryliodanes bearing a coordinating group at the or-
tho position to the hypervalent center have improved
thermal stability.14 Based on such stabilizing effects of in-
tramolecular coordination of hypervalent iodine deriva-
tives, we have developed a series of organosulfonyloxy-sub-
stituted benziodoxoles and pseudobenziodoxoles (Figure 1).
All these compounds are more stable compared to the non-
cyclic analogs and have useful reactivity patterns. Io-
dine(III) benziodoxoles 1–4 and pseudobenziodoxoles 5 and
6 are powerful electrophiles and mild oxidants toward vari-
ous unsaturated compounds, while iodine(V) derivatives 7–
9 are powerful oxidants that can readily oxidize even the
least reactive organic substrates such as fluorinated alco-
hols and others.

2 Iodine(III) Benziodoxole Based Organosul-
fonates

Benziodoxole-based tosylates 1 and 2 and triflates 3 and
4 were prepared by the reactions of 2-iodosylbenzoic acid
(IBA) (10) or 1-hydroxy-3,3-bis(trifluoromethyl)-3(1H)-1,2-
benziodoxole (11) with p-toluenesulfonic acid or trimethyl-
silyl triflate, respectively (Scheme 1).15

In particular, tosylate 1 was isolated as a white, micro-
crystalline precipitate from the reaction of IBA (10) with p-

toluenesulfonic acid in acetic anhydride. The mesylate de-
rivatives of the benziodoxoles were obtained by a similar
method by dissolving 1-hydroxybenziodoxoles 10 or 11 in
neat methanesulfonic acid.15b Tosylates 1 and 2 are relative-
ly stable to hydrolysis, while triflates 3 and 4 are moisture-
sensitive compounds that were isolated as hydrates, which
probably have a pseudocyclic structure (see next section).
We proposed cyclic structures for products 1–4 on the basis
of spectroscopic data in comparison with spectra of other
1-substituted benziodoxoles. In particular, the cyclic struc-
ture of products 1 and 3 was in agreement with the IR ab-
sorption at about 1615 cm–1, while the IR spectra of the
noncyclic 2-iodosylbenzoate derivatives show a carbonyl
signal at 1710 cm–1.16a The structures of the benziodoxole-
based tosylates were independently confirmed by X-ray
structural studies in a report by Stuart and co-workers.16b

Tosylate 1 can be used as an oxidant in Pd(II)-catalyzed C–H
activation reactions.16c

We expected that benziodoxole triflates 3 and 4 would
be highly reactive electrophiles analogous to Zefirov’s re-
agent, which is a particularly important reagent for the syn-Scheme 1  Synthesis of benziodoxole-based tosylates and triflates
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thesis of alkynyliodonium salts by the reaction with alky-
nylsilanes.17 Indeed, the in situ generated triflate 3 reacted
with alkynylsilanes 12 in the presence of pyridine at room
temperature producing alkynyliodonium derivatives 13–16
in high yields (Scheme 2). Triflate 4 reacted with alkynyl-
silanes 12 forming analogous alkynylbenziodoxole prod-
ucts.15b

Scheme 2  Preparation of alkynylbenziodoxoles

Alkynylbenziodoxoles 13 and 14 (also known as ethyn-
ylbenziodoxolones or EBXs) have recently found important
synthetic applications as efficient electrophilic alkynylating
reagents.18 In particular, alkynylbenziodoxole 14 is a useful
alkynyl transfer reagent to thiols,19 arylsulfones,20 N-sulfo-
nylamides,21 and phosphine derivatives.22 EBX reagents
were used for -alkynylation of carbonyl derivatives,23 di-
rect alkynylation of olefinic or aromatic C–H,24 and decar-
boxylative alkynylation of carboxylic acids.25

3 Pseudocyclic Iodine(III) Benziodoxole Tri-
flate (IBA-triflate)

External or internal coordination of an iodine center
may result in significant stabilization of an otherwise un-
stable hypervalent iodine compound. This strategy has
been explored by several research groups in their efforts to
develop new hypervalent iodine reagents. Ochiai and co-
workers have found that the hydroxy(phenyl)iodonium ion
is significantly stabilized by forming a complex with 18-
crown-6 (18C6) ether.26 The 18C6-complexes of aqua(hy-
droxy)(phenyl)iodonium and hydroxy(phenyl)iodonium
ions are relatively stable compounds and useful electrophil-
ic reagents.

The stability, solubility and reactivity of hypervalent io-
dine compounds can be improved by placing a coordinating
group at the ortho position relative to the iodine atom.2i,14,27

Protasiewicz originally reported highly soluble ortho-sulfo-
nyl-substituted iodosylarenes and tosyliminoiodanes pos-
sessing useful electrophilic reactivity.27a–c More recently,
our group reported the preparation and reactions of ortho-
alkoxy-substituted hypervalent iodine reagents.27d–f Wirth
has developed ortho-methoxymethyl-substituted chiral hy-
droxy(aryliodonium) tosylate reagents that are useful for
enantioselective -tosyloxylation of carbonyl com-
pounds.27g–i Recently, the Wirth group reported the synthe-

sis, characterization and reactions of pseudocyclic io-
dine(III) reagents bearing heteroaryl carbonyl groups.27j

Legault and co-authors have reported an -tosyloxylation
reaction with ortho-amido-substituted tosylates.27k Several
ortho-substituted aryliodonium salts with useful reactivity
have also been described.27l,m

In a search for stable benziodoxole-derived triflates
with pseudocyclic structure, we have investigated the
preparation, structure, and reactions of 2-iodosylbenzoic
acid triflate (IBA-OTf, structure 5 in Figure 1).28,29 We have
found that compound 5 can be conveniently prepared in ex-
cellent yield by a direct reaction of 2-iodosylbenzoic acid
(10) with triflic acid in dichloromethane at 0 °C (Scheme 3).
Product 5 was isolated in the form of a white solid by filtra-
tion from the reaction mixture and washing with ether and
hexane at low temperature. IBA-OTf is a stable compound
soluble in methanol and acetonitrile.

Scheme 3  Preparation of IBA-OTf (5)

The structure of IBA-OTf (5) was confirmed by single
crystal X-ray diffraction. The hydroxy(aryl)iodonium ion in
5 has a distorted T-shaped intramolecular geometry around
the hypervalent iodine atom with an O–I–O angle of ~167°.
The I–OH bond of 1.92 Å is significantly shorter than the
dative secondary interaction between iodine and a carbox-
ylate oxygen atom (2.34 Å), which is in agreement with the
proposed pseudocyclic structure of 5. The presence of an
additional intermolecular iodine-triflate anion contact of
2.89 Å results in the overall square-planar coordination at
the hypervalent iodine atom. We assume that such a coor-
dination of the hypervalent iodine center stabilizes mole-
cule 5 analogous to aqua(hydroxy)(phenyl)iodonium tri-
flate.26b,c

The reactivity of IBA-triflate (5) as an effective oxidant
and powerful electrophile is summarized in Scheme 4. The
oxidation of sulfides 17 produces sulfoxides 18 in excellent
yields.29 p-Methylphenol (19) is oxidized to p-quinol 20 in a
moderate yield.28 -Methylstyrene (21) and chalcone 23 are
oxidized by reagent 5 to give products 22 and 24 as a result
of oxidative rearrangement.28 IBA-triflate (5) is a useful re-
agent for oxidative heteroannulation reactions. The oxida-
tion of aldoximes 25 by reagent 5 in the presence of various
nitriles affords 1,2,4-oxadiazoles 26 in high yields.28 Thio-
benzamide (27) reacts with IBA-triflate (5) producing oxi-
dative dimer 28.28 For comparison, unactivated IBA (10)
does not react with thiobenzamide (27) or benzaldoxime
(25) (R1 = Ph) at room temperature.

R SiMe3
3 (in situ), MeCN, Py

13: R = SiMe3
14: R = Si(i-Pr)3
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16: R = t-Bu
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O I R
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IBA-triflate (5) can be used as an efficient electrophilic
reagent for the preparation of iodonium salts. In particular,
diaryliodonium triflate 30 is obtained by reaction of com-
pound 5 with mesitylene (29), and alkenyliodonium salt 32
is formed in the reaction of alkynylsilane 31.28

In comparison to similar reactions of the previously re-
ported hypervalent iodine reagents,30 reactions of IBA-tri-
flate (5) (Scheme 4) proceed smoothly under mild condi-
tions. These reactions illustrate the broad range of potential
synthetic applications of IBA-OTf. Furthermore, IBA-triflate
(5) can be used as a recyclable reagent. 2-Iodobenzoic acid,
which is the byproduct of all the oxidations shown in

Scheme 4, can be conveniently recovered from reaction
mixtures in 97% yield by treatment with aqueous sodium
hydroxide followed by acidification of the aqueous solu-
tion.28 The recovered 2-iodobenzoic acid can be easily oxi-
dized to 2-iodosylbenzoic acid (10) and then converted
back into IBA-triflate (5) according to the procedure shown
in Scheme 3.

In our further studies, we have found that IBA-triflate
can be used as a catalyst in oxidative heteroannulations
with m-chloroperoxybenzoic acid (m-CPBA) as terminal ox-
idant.31 Thus, using 5–10 mol% of 2-IC6H4CO2H as a precata-
lyst and m-CPBA as the terminal oxidant in the presence of
triflic acid, we have achieved oxidative heteroannulation of
numerous aldoximes 25 and nitriles 33 to the correspond-
ing 1,2,4-oxadiazoles 26 in high isolated yields (Scheme
5).31a We should emphasize that noncyclic aryl iodides did
not work as effective precatalysts in this oxidative het-
eroannulation, and therefore generation of pseudocyclic
IBA-OTf is an essential requirement for this important het-
eroannulation reaction.

Scheme 5  Oxidative heteroannulation of aldoximes and nitriles cata-
lyzed by IBA-OTf

Scheme 4  Reactions of IBA-OTf (5) as a versatile oxidant and powerful 
electrophile
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Bolm and co-workers have recently demonstrated that
pseudocyclic IBA-OTf (5) can be used as an efficient precur-
sor to novel sulfoximidoyl-substituted hypervalent iodine.32

4 Pseudocyclic Iodine(III) Benziodoxole To-
sylates

In the next step of our search for stable and potentially
useful benziodoxole-derived organosulfonates, we have in-
vestigated the synthesis, the X-ray crystal structures, and
the reactions of new pseudocyclic benziodoxole tosylates,33

which are the analogs of benziodoxole triflate (5).
Initially, we investigated the reactions of 2-iodosylben-

zoic acids 10 and 34 with p-toluenesulfonic acid (2 equiv)
in acetonitrile. The reactions were complete in 2 hours
yielding benziodoxole-based tosylates 35 and 36 in high
yields (Scheme 6). Tosylates 35 and 36 are stable crystalline
solids soluble in acetonitrile and methanol. The composi-
tion of these products was established by elemental analy-
sis, NMR spectroscopy and ESI mass spectrometry. In par-
ticular, their ESI mass spectra in positive mode demonstrat-
ed the presence of molecular ions [ArI(OH)]+.33

Scheme 6  Preparation of benziodoxole-based tosylates from 2-iodos-
ylbenzoic acids

The structure of tosylate 36 was confirmed by single-
crystal X-ray studies.33 X-ray data revealed a pseudocyclic
structure for compound 36 with a secondary bond of
2.362(3) Å between the hypervalent iodine and carboxylate
oxygen. Molecule 36 has a tetracoordinated iodine center
with an iodine–carbon covalent bond (1.926 Å), one I–O co-
valent bond (1.926 Å), and two iodine–oxygen secondary
bonds to carboxylate and tosylate oxygen atoms. This ge-
ometry is analogous to the structure of benziodoxole tri-
flate (5). The iodine center in the cationic fragment of 36
has a distorted T-shaped geometry typical of hypervalent
iodine compounds. The intermolecular distance between
iodine and the tosylate oxygen (2.947 Å) indicates the pres-
ence of a relatively weak non-covalent interaction. Taking
into account primary and secondary bonding, the io-
dine(III) center in 36 has a pseudo square-planar coordina-
tion.

A convenient one-step procedure for the synthesis of
benziodoxole-based tosylates is based on direct reaction of
2-iodobenzoic acids with a readily available [hydroxy(tosy-
loxy)iodo]benzene via a ligand transfer reaction.3a This gen-

eral approach allows the conversion of various substituted
ortho-iodobenzoic acids 37 into the respective [hydroxy(to-
syloxy)]iodonium derivatives 35, 36 and 38–46 (Scheme
7).33

Scheme 7  Preparation of benziodoxole-based tosylates by ligand ex-
change between [hydroxy(tosyloxy)iodo]benzene and ortho-iodoben-
zoic acids

Reactions of benziodoxole-based tosylates as oxidants
and electrophilic reagents toward several organic sub-
strates are summarized in Scheme 8. For these studies we
selected the readily available compound 35 and the ortho-
substituted compound 36. The oxidation of thioanisole (47)
with reagent 35 produced the corresponding sulfoxide 48 in
good yield. Arene 49 is oxidatively iodinated with I2 and re-
agent 35 as the oxidant to give diiodoarene 50 in quantita-
tive yield. In the analogous reactions of thioanisole (47) or
arene 49 with reagent 36, the corresponding products 48
and 50 were obtained in lower yields, probably because of
partial decomposition of the reagent under the reaction
conditions. Unreacted substrates were also recovered in
these reactions. The oxidative -tosyloxylation of acetophe-
none (51) or Hofmann rearrangement of phenylacetamide
(53) with reagent 36 produced products 52 or 54 in good
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yields. However, similar reactions using reagent 35 gave the
respective products only in very low yields. In these oxida-
tions the reactivity of reagent 36 is higher than reagent 35.
We suggest that the presence of a methyl group at the or-
tho-position relative to the hypervalent iodine may lead to
lower thermal stability and enhanced reactivity of com-
pound 36 due to structural distortion. The effect of the or-
tho-methyl substituent on the stability and reactivity of
benziodoxole-based tosylates 35 and 36 is in agreement
with the experimental results reported by Legault and
computational studies on the oxidative -tosyloxylation of
ketones.27j

Scheme 8  Reactions of benziodoxole-based tosylates as oxidants and 
electrophiles

Compared to Koser’s reagent, pseudocyclic benziodox-
ole tosylates 35 and 36 have an additional advantage of be-
ing recyclable reagents. The reduced form of these reagents,
2-iodobenzoic acid or 3-methyl-2-iodobenzoic acid, can be
effectively isolated from the reaction mixture in over 94%
yield by treatment with aqueous base. Subsequent acidifi-
cation and reoxidation with [hydroxy(tosyloxy)iodo]ben-
zene according to Scheme 7 returns benziodoxole tosylates
35 and 36.

IBA-tosylate (35) was recently used for the preparation
of a novel phenol-substituted benziodoxole, namely, 1-(4-
hydroxyphenyl)benziodoxole.34

5 Iodine(V) Benziodoxole Derived Tosylates

Hypervalent iodine(V) reagents are important oxidants
widely utilized in organic synthesis.2c,j,35 2-Iodoxybenzoic
acid (IBX, structure 55 in Figure 2) and the triacetoxy deriv-
ative 56 (known as Dess–Martin periodinane or DMP) have
found wide application in organic synthesis as reagents for
the oxidation of primary alcohols to aldehydes and numer-
ous other important oxidative transformations.35,36 Despite
the significance of DMP and IBX as reagents, their practical
applications are often restricted by low reactivity in many
oxidations. Based on our experience of working with io-
dine(III) benziodoxoles (see previous sections), we expect-
ed that the organosulfonate derivatives of IBX would be
thermally stable compounds with enhanced electrophilic
and oxidative reactivity towards organic substrates.

Figure 2  Structures of IBX and DMP

We investigated a synthetic approach to IBX tosylate de-
rivatives by interaction with tosic acid in acetic anhydride
(Scheme 9),37 similar to the preparation of 1-tosyloxyben-
ziodoxolone (1) (Scheme 1). We have found that a suspen-
sion of IBX (55) and TsOH·H2O in acetic anhydride at room
temperature completely dissolves after less than one hour
of stirring. Then, a white solid of a mixed acetate-tosylate 7
(DMP-OTs) precipitates from the initially clear solution.
DMP-OTs (7) can be separated by filtration in a dry atmo-
sphere in the form of an extremely hygroscopic, white,
crystalline solid. Handling compound 7 in open air leads to
fast hydrolysis with the formation of IBX-OTs (8). Tosylate 8
is stable at room temperature and can be handled in open
air without any special precautions. In contrast to the initial
IBX, tosylate 8 does not show any explosive properties upon
heating or impact; it has a melting point above 118 °C with
partial decomposition.

Scheme 9  Preparation of the tosylate derivatives of DMP and IBX

The structure of IBX-tosylate (8) was assigned based on
analytical and spectroscopic data. The presence of an I=O
bond in molecule 8 was confirmed by the observation of a
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characteristic stretch at about 750 cm–1 in the IR spectrum.
Unfortunately, we were not able to obtain crystals of IBX-
OTs (8) suitable for X-ray diffraction studies.

After numerous attempts, we were finally able to grow a
single crystal of DMP-OTs (7) under dry conditions and an-
alyze it by X-ray crystallography.37a The iodine(V) atom in 7
has four primary bonds to oxygens with bond distances be-
tween 1.99 and 2.21 Å. The bond to the tosylate oxygen
atom is the longest of these I–O bonds (about 2.21 Å) and
therefore has partial ionic character.

The bicyclic benziodoxole fragment in 7 is planar with
square-pyramidal geometry at the iodine(V) atom formed
by one carbon and four oxygen ligands. No significant inter-
molecular contacts are present at the hypervalent iodine
center in 7. Instead, the iodine atom in tosylate 7 has addi-
tional intramolecular coordination with carboxylic oxygens
of two acetate ligands resulting in heptacoordinated geom-
etry of the hypervalent center. It is interesting to compare
the solid-state structure of tosylate 7 with Dess–Martin pe-
riodinane (56).38 The five primary bonds to carbon and oxy-
gen atoms in DMP (56) are arranged in a similar manner to
tosylate 7. However, instead of intramolecular coordination
with carboxylic oxygens, the structure of DMP (56) has a
weak intermolecular I–O contact with a neighboring mole-
cule resulting in the overall pseudooctahedral geometry of
the iodine(V) center.38

Compared to DMP and IBX, tosylates 7 and 8 have a
higher reactivity toward alcohols. In particular, the oxida-
tion of primary alcohols, such as benzyl alcohols and 1-oc-
tanol, by IBX-tosylate (8) at room temperature proceeds
much faster with a quantitative conversion into the corre-
sponding aldehydes in just 3 minutes.37a The high reactivity
of tosylate 8 compared to IBX is probably explained by the
stronger electrophilicity of the hypervalent iodine center
because of the partial ionic character of the I–OTs bond.

In our further work,37b we have demonstrated that IBX-
OTs and DMP-OTs are useful reagents for selective oxida-
tion of structurally diverse, synthetically important alco-
hols, utilized as key precursors in the total syntheses of
polyketide antibiotics and terpenes.

We initially investigated the oxidation of known allylic
alcohol 57 as a model substrate for optimizing the reaction
conditions and comparing with the common oxidants DMP,
IBX, and the (diacetoxyiodo)benzene/TEMPO system that
are widely used in the synthesis of natural products (Table
1).37b

These results (Table 1) clearly demonstrate that io-
dine(V) benziodoxole tosylate derivatives 7 and 8 are very
effective oxidants in dichloromethane and also in acetoni-
trile (entries 1, 2 and 4–6). Pyridine as an additive can even
further increase the yields of aldehyde 58 (entries 4–6).
Both reagents 7 and 8 are stronger oxidants compared to
Dess–Martin periodinane (56) (entries 7 and 8). IBX (55)
(entry 9) and the combination PhI(OAc)2/TEMPO (entry 10)
show very low reactivity in this oxidation. It should be not-

ed that a physical mixture of IBX and TsOH·H2O is inactive,
probably due to the low solubility of these compounds in
CH2Cl2. A mixture of Dess–Martin periodinane (56) with
toluenesulfonic acid has inconsistent reactivity.

At the next step, we extended the scope of the oxida-
tions with IBX-OTs (8) and DMP-OTs (7) to several structur-
ally complex alcohols 59–65 (Scheme 10).37b All these oxi-
dations proceed rapidly at room temperature with selective
formation of the final carbonyl products in high yields.

Therefore, we have demonstrated that the iodine(V)
benziodoxole derived tosylates 7 and 8 are superior oxi-
dants for the oxidation of protected complex alcohols,
which serve as key intermediates in the total syntheses of
terpenes and polyketide antibiotics.

6 Iodine(V) Benziodoxole Derived Triflate 
(IBX-ditriflate)

Very recently, we reported the preparation and reactivi-
ty of the strongest iodine(V) oxidant, 2-iodoxybenzoic acid
ditriflate (9).39 IBX-ditriflate (9) was prepared by treatment
of 2-iodoxybenzoic acid (55) with a slight excess of trifluo-
romethanesulfonic acid in CH2Cl2/CF3CO2H solution
(Scheme 11). Product 9 precipitated from the solution as a
sensitive to moisture, crystalline solid that could be isolated
from the reaction mixture by filtration. IBX-ditriflate (9) is
stable at room temperature and melts above 110 °C with
gradual decomposition. In contrast to the initial IBX, triflate
9 does not show any explosive properties upon heating or
impact.

Table 1  Oxidation of (S,E)-5-[(tert-Butyldiphenylsilyl)oxy]-2,4-dimeth-
ylpent-2-en-1-ol 57 to Aldehyde 58 Using Different Iodine(V) Oxidants

Entry Conditions Ratioa Solvent Conversion 
(%)b

 1 8, rt, 3 min 1.06 CH2Cl2  96

 2 8, rt, 3 min 1.06 MeCN  94

 3 8, rt, 3 min 1.06 DMSO  72

 4 8, pyridine, rt, 3 min 1.06 CH2Cl2  96

 5 7, rt, 3 min 1.1 CH2Cl2 100

 6 7, pyridine, rt, 3 min 1.1 CH2Cl2 100

 7 DMP (56), rt, 3 min 1.1 CH2Cl2  63

 8 DMP (56), rt, 3 min 1.1 MeCN  64

 9 IBX (55), rt, 10 min 1.1 CH2Cl2   0

10 PhI(OAc)2/TEMPO, rt, 10 min 1.2 CH2Cl2   6
a Ratio of reagent/substrate.
b Conversion determined by 1H NMR spectroscopy.

OH

TBDPSO

O

TBDPSO

H H

iodine(V)
oxidant

57 58
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The procedure shown in Scheme 11 affords IBX-ditri-
flate (9) in high yields and can be reproduced on multigram
scale. The composition of product 9 as IBX·2OTf was initial-
ly established based on elemental analysis and NMR spec-
troscopy.

Performing X-ray structural studies of compound 9 was
an extremely challenging task due to its exceptionally
strong oxidizing reactivity. The X-ray measurements of 9,
which we have repeated many times, were technically very
difficult. Because of the high reactivity of compound 9,
mounting crystals on the pin for diffraction studies was al-
most impossible as they reacted with any oil or glue com-
monly used in crystallography for crystal attachment! We
selected and tested more than three dozen crystals before
we could collect any dataset. Finally, we were able to obtain
X-ray crystallographic data for 9 demonstrating a very com-
plex solid-state assembly formed by primary bonds and
various intermolecular secondary interactions.39

Structural formula 9 shown in Scheme 11 gives the best
description of a simplified molecular structure of this com-
pound. The hypervalent iodine atom in molecule 9 has
short primary bonds to carbon and three oxygen atoms and
secondary contacts to the oxygen atoms of two triflates
(2.985 Å and 2.820 Å), which have a significant ionic char-
acter. In addition, there is a longer intermolecular I…O con-
tact to the neighboring molecule. This set of four primary
and three secondary contacts forms the overall pseudopen-
tagonal bipyramidal geometry at the hypervalent iodine
center. It is important to emphasize that because of the sub-
stantial ionic character, compound 9 can be expected to
have an exceptionally high electrophilicity and oxidizing
reactivity in reactions with organic substrates.

Indeed, we have found that triflate 9 is extremely reac-
tive to organic compounds.39 It readily reacts with many
solvents including ether, hexane and acetonitrile, producing
a mixture of oxidized products or black tar. According to 13C
NMR and mass spectrometry studies, triflate 9 in CD3CN
solution is stable for about one hour and then is gradually
reduced to iodine(III) benziodoxole derived triflate 5. How-
ever, solutions of IBX-ditriflate (9) in trifluoroacetic acid or
in dichloromethane are sufficiently stable.

We have investigated reactions of triflate 9 with numer-
ous organic substrates. In many cases, these reactions were
not selective and resulted in the formation of a complex
mixture of products. Less reactive substrates, however,
could be selectively oxidized to a single major product
(Scheme 12).39 The oxidation of adamantane (66) in trifluo-
roacetic acid was complete in 30 minutes to give 1-adaman-
tanol (67) in excellent preparative yield. Several procedures
for the preparation of 1-adamantanol from adamantane in
a very low yield (under 5%) under catalysis by oxo-rutheni-
um complexes or iron(III) phthalocyanine complexes were
previously reported in the literature.40 Our procedure af-
fords 1-adamantanol in a much better yield and does not
involve the use of metal catalysts. Moreover, reagent 9 can
be conveniently generated in situ from IBX and trifluoro-
methanesulfonic acid, which further simplifies this reac-
tion.

Scheme 10  Oxidation of structurally complex alcohols with reagents 7 
and 8
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Scheme 11  Preparation of IBX-ditriflate (9)

9

I

O

O
H

–O O

–OTf
–OTf

H3O+

H

+

+
CF3SO3H (2.3 equiv), CH2Cl2/CF3CO2H
0 °C to rt, 4 h

94%
55

(IBX)
© 2020. Thieme. All rights reserved. Synlett 2020, 31, 315–326



324

M. S. Yusubov et al. AccountSyn  lett

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f M

in
ne

so
ta

 - 
Tw

in
 C

iti
es

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.
Scheme 12  Oxidations using IBX-ditriflate (9)

Ketone 68 is smoothly oxidized by triflate 9 under mild
conditions to produce anthraquinone (69) in good yield.
Substituted cyclohexanone 70 is oxidized with IBX-ditri-
flate under similar conditions in the presence of potassium
carbonate to give ,-unsaturated ketone 71. In contrast,
similar oxidations of ketones with IBX require 1–2 days of
heating at about 85 °C in DMSO solutions.41

The exceptional reactivity of IBX-ditriflate (9) is best
demonstrated by the oxidation of fluoroalcohols 70
(Scheme 12). Fluorinated alcohols, such as 2,2,2-trifluo-
roethanol (TFE) and 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP) are highly resistant to oxidation and are used as
common solvents for the reactions of iodine(III) and io-
dine(V) reagents.42 We were surprised to find that triflate 9
quickly reacts with TFE to give the corresponding aldehyde
(as a hemiacetal) with quantitative conversion in a few
hours. TFE is not oxidized by IBX (55) under similar condi-
tions. HFIP is quantitatively oxidized by triflate 9 at 60 °C in
just 0.5 hours.

Generated in situ, IBX-triflate can be used for effective
oxidation of fluoroalcohols 72 to fluoroaldehydes that were
isolated as gem-diols 73–76 (Scheme 12). We should note
that fluoroaldehydes are usually synthesized by the reduc-
tion of fluorocarboxylic acids or by some different multi-
step transformations.43 Fluoroaldehydes are practically im-
portant compounds;44 however, their direct synthesis by
oxidation of readily available fluoroalcohols was not previ-
ously reported, probably because of the lack of suitable oxi-
dizing reagents.

7 Conclusions

In conclusion, we have developed new organosulfony-
loxy-substituted hypervalent iodine(III) and iodine(V) ben-
ziodoxole derived reagents that are more stable than the
noncyclic analogs and have useful reactivity patterns. Io-
dine(III) benziodoxoles and pseudobenziodoxoles are pow-
erful electrophiles and mild oxidants toward various unsat-
urated compounds. In particular, pseudocyclic benziodox-
ole-derived triflate (IBA-OTf) is an efficient reagent for
oxidative heteroannulation reactions. Aldoximes react with
nitriles in the presence of IBA-OTf at room temperature to
give 1,2,4-oxadiazoles in high yields. Moreover, IBA-triflate
has been used as a catalyst in oxidative heteroannulations
with m-chloroperoxybenzoic acid as the terminal oxidant.
The iodine(V) benziodoxole derived tosylates, DMP-tosylate
and IBX-tosylate, are superior oxidants for the oxidation of
structurally diverse, synthetically useful alcohols, utilized
as key precursors in the total syntheses of polyketide anti-
biotics and terpenes. And finally, the most powerful hyper-
valent iodine(V) oxidant, 2-iodoxybenzoic acid ditriflate
(IBX·2HOTf) can be prepared by treatment of IBX with tri-
fluoromethanesulfonic acid. According to the X-ray data,
the I–OTf bonds in IBX-ditriflate have ionic character, lead-
ing to high reactivity of this reagent in various oxidations.
In particular, IBX-ditriflate can oxidize primary fluoroalco-
hols, which are generally extremely resistant to oxidation.
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